Background
==========

Ornithine transcarbamylase deficiency (OTCD, OMIM: 311250) is a hereditary metabolic disease with the main symptom of hyperammonemia caused by OTCD. This disease is the most common form of the urea cycle disorders, and the total number of affected people accounts for 50% of urea cycle disorder prevalence \[[@b1-medscimonit-24-7431]--[@b3-medscimonit-24-7431]\]. The pathogenic gene for OTCD is ornithine transcarbamylase (OTC). OTCD belongs to the X-linked recessive genetic disorders; therefore, almost all hemizygous males develop this disease. Approximately 20% of female carriers present some neurocognitive disorders due to unfavorable random X-inactivation; however, the symptoms are substantially milder than those of male patients \[[@b4-medscimonit-24-7431]\].

The OTC gene is located on chromosome Xp21.1. The full-length gene is 73 kb and contains 10 exons and 9 introns. The encoded OTC protein contains 322 amino acids \[[@b5-medscimonit-24-7431],[@b6-medscimonit-24-7431]\]. This enzyme is mainly expressed in the liver with only a small portion expressed in the intestinal mucosa \[[@b7-medscimonit-24-7431]\]. The reduction of functional OTC causes a disorder of the urea cycle, thus resulting in reduced citrulline and arginine and increased alanine and glutamine in the plasma, significantly increased orotic acid and uracil in the urine, and significantly increased ammonia in the blood \[[@b8-medscimonit-24-7431]\]. The severity of clinical symptoms of OTCD is associated with the level of enzyme deficiency. When mutations occur within the protein or at active sites, the catalytic functions of OTC are almost completely lost. Patients with these mutations usually experience disease onset during the neonatal stage and have severe forms of OTCD. The major presentations are vomiting, apastia, lethargy, convulsion, muscle hypotonia, and coma \[[@b9-medscimonit-24-7431],[@b10-medscimonit-24-7431]\]. When mutations occur on the protein surface or distant from active sites, the affinity between the enzyme and the substrate is reduced or the stability of the enzyme decreases; patients with these mutations have late disease onset and milder forms of OTCD. The major presentations are intermittent recurrent lethargy, irritability, restlessness, and ataxia. Feeding of high-protein food, infection, and trauma can all induce the onset of OTCD. Mental retardation, microcephaly, and hepatomegaly are common \[[@b11-medscimonit-24-7431]\]. Because OTCD symptoms are nonspecific, it can easily be mistaken for general digestive system infection or other neurological diseases. In addition, treatment and prognosis between OTCD and these other diseases are largely different; therefore, early diagnosis is particularly important to guide treatment and prognosis.

Currently, the diagnosis of OTCD is mainly based on clinical symptoms, blood ammonia levels, blood tandem mass spectrometry (MS-MS), urine gas chromatography--mass spectrometry (GC-MS), and imaging examination results. The definitive diagnosis depends on detection of OTC activity or genetic testing. This study used first-generation sequencing technology to perform gene detection in 2 clinical cases of highly suspected OTCD pediatric patients in order to confirm the pathogenic genetic factors of their families and allow the families to undergo genetic counselling and prenatal diagnosis.

Material and Methods
====================

Study participants
------------------

Family 1: The parents of the proband were both healthy and were not consanguineous. The first child was a girl who was born after full-term normal delivery and has thus far appeared healthy. The second child was a baby boy who was born after full-term normal delivery. The baby boy was admitted into the neonatal department because of poor feeding, poor spirit, coma, and lethargy on the 2^nd^ day after birth. The maternal grandmother of the proband in this family had given birth to 3 boys and 2 girls. Two boys died within 1 month after birth ([Figure 1](#f1-medscimonit-24-7431){ref-type="fig"}).

Family 2: The parents of the proband were both healthy and were not consanguineous. There was no similar patient in this family ([Figure 1](#f1-medscimonit-24-7431){ref-type="fig"}). The proband was a boy and the first-born. He was admitted to the hospital due to poor mental response, feeding difficulty, vomiting, and convulsions on the 7^th^ day after birth.

This study was approved by the Ethics Committee of the Sixth Affiliated Hospital of Sun Yat-sen University. The patients' parents provided informed consent for both gene detection studies and prenatal diagnosis.

Specimen collection and genomic DNA extraction
----------------------------------------------

Venous blood samples (2 mL) were collected from the probands and their parents in the 2 case Families, additionally, samples were collected from the maternal grandmother and the maternal uncle in the case of Family 2. We also collected 10 mL amniotic fluid from the mother in Family 1 at 16 weeks and the mother in Family 2 at 18 weeks when they became pregnant again. Genomic DNA was extracted using the QIAamp DNA Blood Midi Kit (Qiagen, Duesseldorf, Germany). Quality control assessment of DNA samples was performed using the NanoDrop 2000 ultra-microvolume nucleic acid and protein spectrophotometer (Thermo, Waltham, MA, USA). The purity of DNA was required to be between 1.8 and 2.0.

Primer design
-------------

The OTC gene sequences were retrieved from the National Center for Biotechnology Information (NCBI) database. Primers were designed using the Primer Premier 5.0 (La Jolla, CA, USA) and synthesized by Thermo Fisher Scientific (Waltham, MA, USA). The primer sequences are shown in [Table 1](#t1-medscimonit-24-7431){ref-type="table"}.

Polymerase chain reaction (PCR) amplification and sequencing
------------------------------------------------------------

The polymerase chain reaction (PCR) components were as follows: 5.0 μL 10× Buffer, 4.0 μL dNTP, 0.3 μL Taq DNA polymerase, 2 μL upstream primer (10 μM), 2 μl downstream primer (10 μM), and 3 μL DNA template (50 ng/μL); deionized water was added to obtain a final volume of 50 μL. The PCR conditions were as follows: pre-denaturation at 94°C for 5 min; 35 cycles of denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec and extension at 72°C 30 sec; and a final extension at 72°C for 7 min. The system was then kept at 4°C.

After the PCR amplification was completed, 8-μL products were subjected to 2% agarose gel electrophoresis. The results were observed using an ultraviolet imaging apparatus to confirm whether the product had a single target band. Qualified PCR products were sent to Thermo Fisher Scientific (Waltham, MA, USA) for Sanger sequencing.

Result analyses
---------------

The sequencing results were viewed using Chromas software. The sequencing results for the target sequences were compared with the OTC gene sequence from the NCBI database (NM_000531.5) to identify whether any gene mutations were present.

Results
=======

Analyses of clinical information
--------------------------------

The major laboratory test result for the proband in Family 1 showed the blood ammonia level was higher than 600 μmol/L. The MS-MS results showed that the concentration of citrulline was lower than the reference value (3.66 μmol/L; reference value: 5.00--30.00 μmol/L) and the concentrations of alanine, glutamic acid, and tryptophan were higher than the reference values. The urine GC-MS results showed that urine orotic acid was significantly higher than the reference value (41.60 μmol/L; reference value: 0.00--1.50 μmol/L), which was accompanied by increased concentrations (relative to the reference values) of lactic acid, oxalic acid, pyruvic acid, 3-hydroxybutyric acid, adipic acid, pimelic acid, suberic acid, and sebacic acid. Combined with the results regarding blood and urine metabolism, OTCD was highly suggested; this patient died after an ineffective rescue.

The major laboratory test results of the proband in Family 2 showed that the blood ammonia level was higher than 700 μmol/L. The blood MS-MS results showed the concentrations of citrulline (1.77 μmol/L; reference value: 4.00--40.00 μmol/L) and proline were lower than the reference values and the concentrations of alanine, glutamine, lysine, and methionine were higher than the reference values. The urine GC-MS results showed that urine levels of orotic acid (analytic value 33.11; baseline value 0.033) and uracil (analytic value 2.15; baseline value 0.041) were significantly higher than the baseline values. In addition, the urine concentrations of lactic acid, succinic acid, and glycerol acid were also increased with respect to the baseline values. Combined with the blood and urine metabolism results, OTCD was highly suggested; this patient died after an ineffective rescue. The proband's mother became pregnant again, and the prenatal diagnosis results showed that this fetus was not an OTCD patient. None of MS-MS or GC-MS analyses conducted after the fetus was born showed abnormal metabolic products.

Sequencing results and prenatal diagnosis results for these 2 families
----------------------------------------------------------------------

Sequencing results confirmed that the pathogenic gene for these 2 families was the OTC gene. The probands were both confirmed to have OTCD. The sequencing results are shown in [Table 2](#t2-medscimonit-24-7431){ref-type="table"}.

The proband of Family 1 was a male who carried an OTC gene mutation of c.867+1G\>C at a splice site. This mutation was inherited from his mother. Genetic analyses of the amniotic fluid at 16 weeks showed that this fetus was a male carrying the c.867+1G\>C hemizygous mutation. Combined with the genotype of the proband, this fetus was speculated to have OTCD; therefore, the parents decided to terminate the pregnancy. The results of genetic analyses of the abortive tissues were consistent with those from amniotic fluid ([Figure 2](#f2-medscimonit-24-7431){ref-type="fig"}).

The proband from Family 2 was a male who carried the c.782T\>C mutation in the OTC gene. This mutation was inherited from his mother. Genetic analyses of the amniotic fluid at 18 weeks showed that this fetus was a male who did not carry any known pathogenic mutations in the OTC gene. After the fetus was delivered normally, the gene detection results from the peripheral blood were consistent with those from the amniotic fluid ([Figure 2](#f2-medscimonit-24-7431){ref-type="fig"}). The gene detection results from the maternal grandmother of the proband suggested that she was a carrier of the c.782T\>C mutation; however, the exon sequences of the OTC gene from the proband's maternal uncle did not show any known pathogenic mutations.

Discussion
==========

The clinical manifestation of OTCD includes the toxic symptom of hyperammonemia. The initial presentations are usually brain injury, liver injury, and other digestive system symptoms that involve many organs and systems. Acute hyperammonemia induces vomiting, convulsions, poor responses, coma, and lethargy; however, chronic hyperammonemia induces psychomotor retardation, growth retardation, and abnormal liver function. Currently, the diagnosis of OTCD is mainly based on biochemical detection, blood gas analysis, blood MS-MS detection, urine GC-MS detection, and imaging examinations \[[@b12-medscimonit-24-7431]\]. The typical OTCD laboratory examinations can reveal increased blood ammonia levels and abnormal liver function; blood MS-MS detection can determine reductions in citrulline concentration and increases in glutamine and alanine; urine GC-MS can detect significant increases in the concentrations of uracil and orotic acid; and cranial imaging examination can display changes such as brain edema and brain atrophy. The laboratory test results for the pediatric patients in the 2 families described in this study all met the typical OTCD features. In addition, the urine GC-MS detection results for these 2 children showed that in addition to the increased concentrations of uracil and orotic acid, the concentration of lactic acid was also significantly increased. This lactic acid level might have been caused by the formation of glutamine due to excessive ammonia and α-ketoglutaric acid or glutamic acid, which would in turn block the tricarboxylic acid cycle and cause pleomorphic changes to the liver mitochondria \[[@b13-medscimonit-24-7431]\] and further induce hyperlactacidemia. The 2 children in this study did not receive cranial imaging examinations because they both had disease onset within several days after birth and had rapidly developing disease courses.

Ever since Horwich et al. \[[@b5-medscimonit-24-7431]\] successfully cloned and sequenced the OTC gene, more than 400 types of mutations and 29 polymorphism *loci* have been discovered in China and other countries. Approximately 84% of mutations are single base substitution mutations, 12% are small-fragment deletions or insertion mutations, and 4% are large-fragment deletion mutations. Approximately 42% of mutations are associated with disease onset during the neonatal stage, 21% with late disease onset, and 37% with disease onset in females \[[@b7-medscimonit-24-7431],[@b14-medscimonit-24-7431]--[@b19-medscimonit-24-7431]\]. The mutation sites in the OTC gene are associated with the age at disease onset and the severity of OTCD. Mutations on the protein surface or distant from the active sites cause partial loss of the enzyme activity, late age at disease onset, and milder symptoms, whereas the mutations inside the protein or on active sites cause loss of most enzyme activity or even complete loss of enzyme activity, which is typically associated with disease onset in the neonatal stage and severe clinical symptoms. The 2 children in this study both had disease onset during the neonatal stage and rapid disease progression; both patients died after ineffective rescue. Therefore, it was speculated that the c.867+1G\>C and c.782T\>C mutation sites in the OTC that caused disease onset in these 2 patients both had important effects on OTC activity. Of the 2 mutations, the c.867+1G\>C mutation has already been reported as a pathogenic mutation. It has been shown that OTCD pediatric patients harboring this mutation usually have severe disease onset during the neonatal stage \[[@b20-medscimonit-24-7431]\]. The c.782T\>C mutation is a newly discovered mutation. The results of this study suggest that this mutation is a pathogenic mutation of OTCD; however, functional validation experiments on this site have not yet been performed.

A mutation of the 785 base in exon 8 of the OTC gene from C to T switches threonine at the 262 amino acid residue to isoleucine. This mutation only affects the binding between OTC and its substrate ornithine; therefore, pediatric patients with this mutation mostly have late onset and milder symptoms \[[@b21-medscimonit-24-7431]\]. However, the pathogenic T to C mutation of the proband in Family 2 in this study was at the 782 base in exon 8 of the OTC gene, thus switching the isoleucine at the 261 amino acid residue to threonine. This patient was admitted to the hospital due to the presence of a poor mental response, poor feeding, vomiting, and convulsions on the 7^th^ day after birth. The patient died on the 12^th^ day. The results suggested that the c.782T\>C mutation could cause disease onset during the neonatal stage, and the induced symptoms were more severe.

When these 2 families were pregnant again after having OTCD children, they both chose prenatal diagnosis. The prenatal diagnosis results of the mother in Family 1 at 16 weeks suggested that the fetus carried the c.867+1G\>C hemizygous mutation. Combined with the gene detection results and clinical symptoms of the proband, this fetus was determined to be a potential OTCD patient. The parents decided to terminate the pregnancy after being made aware of these results. The gene detection results from the abortive tissues were consistent with those from the amniotic fluid cells. The prenatal diagnosis results from Family 2 suggested that the OTC gene of the fetus did not have any known pathogenic mutations. Considering that this fetus did not carry pathogenic mutations and combined with the gene detection results and clinical symptoms of the proband, the possibility of OTCD in this fetus was excluded. The detection results of peripheral blood from the fetus after birth were consistent with those of the amniotic fluid. Therefore, it is very necessary to perform prenatal diagnosis in OTCD families when they again become pregnant to avoid the birth of affected children.

Conclusions
===========

Clinical gene detection for OCTD patients can not only obtain definite diagnoses for suspected patients but can also reveal heterozygous carriers in the family and aid in prenatal diagnosis. There are hundreds of OTC gene mutation types. The direct DNA sequencing method can confirm the mutation site; therefore, it is a reliable gene diagnostic method for detection of mutations in this gene.
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###### 

Amplification primers of base sequences for 10 exons in OTC gene.

  Exon                          Primer sequence (5′-3′)        Amplification length (bp)   Annealing temperature (°C)
  ----------------------------- ------------------------------ --------------------------- ----------------------------
  1                             F: TACCTTTGCTCCCTCACTGC        446                         58.0
  R: CAAACGAAAGATGTCAAGAACG                                                                
  2                             F: ATGCCTTATCAACAGTAAAACAATG   502                         58.0
  R: CAGACAAATGATTTCTTAGGTTCG                                                              
  3                             F: CACTTATTTGGGGGTAGTTATTACT   374                         56.5
  R: TCTGCTTGCAGCTTTTATGAG                                                                 
  4                             F: TGAATAAGAGGGTGGAGAAATGG     509                         60.0
  R: TTCAACCGATGGAAAGTGGC                                                                  
  5                             F: CACTGGATAAGTCGTGGGAGG       570                         60.0
  R: GGAATAGGGTTGAGTGCAGAGC                                                                
  6                             F: TGTCTGGATGTTAATGGTGCTC      577                         58.0
  R: GCTGGTAACGTAACCTAAATTCTG                                                              
  7/8                           F: AAGAAGTCGGAGATAGTGAAAGC     648                         57.0
  R: CTAGGGGATACAGTCAGTGAGTC                                                               
  9                             F: CCATCACTCTGCTCCTTTGTC       561                         58.0
  R: ATAATGGTTGGCAAACTGGTG                                                                 
  10                            F: TTAACTGTAACCCTGCAAAGCTG     314                         59.5
  R: GTTTCACAATGGCAAAGCATATC                                                               

###### 

Gene mutation analysis and prenatal diagnosis in the two OTCD families.

  Family                 Member        Gene          Exon           Nucleotide mutation   Protein mutation   Heterozygote/homozygote
  ---------------------- ------------- ------------- -------------- --------------------- ------------------ -------------------------
  1                      Proband       OTC           IVS8           c.867+1G\>C           Splice site        Hemizygote
  Mother                 c.867+1G\>C   Splice site   Heterozygote                                            
  Foetus                 c.867+1G\>C   Splice site   Hemizygote                                              
  2                      Proband       OTC           8              c.782T\>C             p\. I 261 T        Hemizygote
  Mother                 c.782T\>C     p\. I 261 T   Heterozygote                                            
  Foetus                 No mutation   --            --                                                      
  Maternal grandmother   c.782T\>C     p\. I 261 T   Heterozygote                                            
  Maternal Uncle         No mutation   --            --                                                      
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